The aim of this study was to examine the safety and the efficiency of a 'non-contact' UV laser to assist hatching through zona opening of human embryos. Between January and November 1995 we performed zona drilling for assisted hatching using a new laser system (PALM UV Laser microbeam), operating in a 'non-contact' mode to create a hole in the zona pellucida of human embryos. In a randomized study, laser zona opening was applied on embryos from two groups of patients with repeated invitro fertilization (TVT) failures (two to four attempts): group A was composed of 107 patients who received mixed embryos (216 laser-treated and 223 not treated) and group B of 72 patients who received 218 laser-treated embryos only. Both groups were compared with a control group of 98 patients whose embryos were not laser treated (n = 407) (group C). The mean ages of all groups (38.1, 38.2 and 37.8 years respectively) and the number of IVF attempts (two to four attempts) were similar. The resulting clinical pregnancies were 39 (36.4%) in group A, 32 (44.4%) in group B and 19 (193%) in group C. The implantation rates/embryo were 93% in A, 16% in B and 5.1% in the control group. In total, 17 normal babies have been delivered (10 in group A and seven in group B). These results show that laser zona drilling increased the pregnancy and implantation rates in all the treated patients. The increase was slight but significant in patients of group A (P < 0.01 and P < 0.02), it was even higher in the patients of group B (P < 0.05).
Introduction
Hatching of the blastocy st from the zona pellucida is a key event in human development. If the blastocyst does not hatch within the time period that the uterus is receptive to implantation, pregnancy will not occur.
The inability of embryos to hatch may be due to abnormal zona hardness (Cohen et al, 1990; Cohen, 1991; Tucker et al, 1991) , increased zona thickness (Cohen et al, 1992) and possible reduction of enzymatic lysins produced by the embryo itself to 2488 digest the zona pellucida (Cohen, 1991; Cohen et al, 1992a; Khalifa et al, 1993; Schiewe et al, 1995) .
Several approaches have been proposed to improve the hatching potential of blastocysts: mechanical incision of the zona (Cohen et al, 1990; Tucker et al, 1991) , chemical zona drilling with acidic medium (Cohen et al, 1992a) and chemical zona thinning (Khalifa et al., 1992; Cohen et al, 1992b) . The last of these approaches was applied on a mouse model and proved significantly more effective at promoting early and complete blastocyst hatching in mouse (Khalifa et al, 1992; Gordon and Dapunt 1993a,b) . However, in human embryos chemical zona thinning does not significantly improve blastocyst hatching compared with zona drilling .
The zona drilling technique, which has been successfully used with mice, involves the application of acidic solution to create a hole in the zona pellucida (Gordon and Talansky, 1987; Wazzan et al., 1990) . Unfortunately in humans 'zona drilling' has not proven to be clinically practical, as acidic Tyrode's solution in fact inhibits human blastocyst formation (Malter and Cohen, 1989a) . Since 1989 laser gamete manipulation has been described, in the non-contact mode using various wavelengths (Tadire/a/., 1989) and in the contact mode using the 193excimer laser (Palanker etal, 1991) .
Recently, several investigators have been developing different lasers for the opening (photo-ablation) of the zona pellucida in mouse and human oocytes and embryos (Godke et al, 1990; Tz&ietal, 1991; Feichtinger<?fa/., 1992; AnMnonetal, 1994) . While it is impossible to precisely control the size of the gap created by mechanical zona opening, using laser systems enables a controlled and precise hole to be obtained and the openings induced are comparable with one another (Tadir et al, 1993) .
hi 1991 we began to use an erbium: YAG laser for the photoablation of the zona pellucida in the treatment of severe male factor infertility (Annnori et al, 1994) . Recently, the same laser has been used to assist hatching in human embryos either performing zona opening (Strohmer and Feichtinger, 1992; Obruca et al, 1994) or zona thinning (Antinori et al, 1996) .
The availability of a new laser system, capable of drilling holes easily and quickly of exact shape and diameter into the zona pellucida, prompted us to use it in clinical work.
hi this paper we report our recent experience with the use of a UV laser microbeam operating in a 'non-contact' mode, to assist hatching of 48 h old human embryos through complete opening of die zona pellucida.
Materials and methods

Laser microbeam equipment
We used a compact laser microbeam system (PALM, Wolfrathausen, Germany), consisting of a pulsed nitrogen laser (LSI, Newton, MA, USA) at a wavelength of 337 nm which operates through the epifluorescence path of an inverted microscope (Zeiss Axiovert 135, Oberkochen, Germany) and equipped with a motorized scanning stage and a Hamamatsu image enhancing system (Hamamatsu Photonics, Tokyo, Japan). The UV microbeam is reflected by a series of dichroic beam splitters (PALM, Mikrolaser-Technologie, Wolfrathausen, Germany) before it is focused by a Zeiss Plan Neofluar 63X/1. 25 011 objective to yield laser spot sizes of <1 mm in diameter. The heart of the system is a special laser interface, which allows microscope-independent focus adjustment and beam positioning. The integrated system is mounted on an air suspension vibration isolation table. Only optical forces are utilized for this 'non-contact' micromanipuladon. Using a UV-laser microbeam, energy densities at the focal point are extremely high (up to 10 12 W cm" 2 ), so that almost all known materials can be surgically processed. As these energies arise only at the focal point, it is possible to work in die interior of a cell without opening it Thus, holes <1 |im in diameter can be drilled into cell membranes.
Laser-assisted hatching
Zona drilling of embryos was performed with the use of the UV laser microbeam. The embryos were placed under mineral oil within a 20 ml droplet of FVF culture medium in a Petn dish with membrane bottom (Hydrophylic Petnperm: Bachofer, Reutlingen, Germany) Using the microscope stage, the field of view was brought to the meridian of the embryo where the zona pellucida and perivitelline space were within the optical focus. Minute laser focus adjustment was performed with the laser interface. An appropriate laser energy was selected, so that every single laser shot revealed a small visible impact within the zona. A pulse energy of 2-5 mJ at the object plane and a pulse repetition rate of 15-20 pulses/s were convenient for the procedure. The position of the cut was chosen at the region between blastomeres. After the embryo had been focused no further fixation with micromanipulator was necessary and the UV beam could be directed tangentially to the zona. The microscope stage was moved in x and y directions to drill -1 mm channel through the zona. This was repeated several tunes back and forth in slightly different positions until the hole was big enough (-15-20 mm in diameter) (Figures 1 and 2 ) The entire procedure took about 15-25 s.
This procedure was performed only if the zona was thicker than 12 mm as it could be detrimental in embryos which have thin zonae (<12mm) (Cohen, 1993) .
The possible toxicity of the products derived from the laser action on the organic components of the zona pellucida was avoided by the subsequent transfer of the embryos to Dulbecco's phosphate-buffered saline solution (PBSS) followed by two changes of solution
The embryos were transferred immediately after the laser treatment. 
Preliminary experimental work
As the UV laser microbeam had not yet been used on human embryos, before introducing this new tool in our assisted hatching programme, we performed a randomized study 'non-contact' laser assisted hatching on human embryos at the two to four cell stage to evaluate the effect of the UV laser beam on embryonic development. The embryos were freely donated after informed consent had been given. After laser treatment the embryos were replaced in drops of culture medium (Earle's buffered saline solution supplemented by 10% of patient serum) and released to evaluate the embryonic development Table I shows our results: of the 16 embryos which were laser treated, four reached the four cell stage, six the morula stage and six the blastocyst stage Two of these last six embryos were hatched and the other four were frozen. The treated group was compared with a control group of embryos with intact zona pellucida. In our view, these data, together with those obtained in animals (Clement-Sengewald et aL, 1993; Ng et al, 1993) , were suggestive that the use of UV microbeam for assisted hatching of human embryos was not harmful. Therefore we began our clinical work, using UV laser microbeam to drill the zona pellucida of human embryos.
Patient selection criteria
Between January and November 1995, we performed zona openingassisted hatching with the use of a non-contact UV laser microbeam on embryos of two groups of patients who had experienced repeated IVF failures (two to four attempts): group A was composed of 107 patients who received mixed embryos (216 laser-treated and 223 not treated) and group B of 72 patients who received only 218 lasertreated embryos. Both groups were compared to a control group C of 98 patients whose embryos were not laser treated (n = 407). The mean ages of the patients were similar and were respectively: 38.1 ± 1.37, 38.2 ± 1.32, and 37.8 ± 1.48 years. The majority of patients had experienced three or more IVF failures, and a large proportion were s=38 years old and had elevated basal follicle stimulating Group A. patients with repealed IVF failures who received mixed embryos (laser-treated and not) Group B: patients with repeated IVF failures who received only laser-treated embryos. Group C: patients with repeated IVF failures who received zona-intact embryos.
•Pregnancy rate differences between groups A and C P < 0 01, between B and O P < 0 05 •"Implantation rate differences between groups A and C: P < 0.02, between B and C P < 0 05 PN = pronuclear.
hormone (FSH) concentrations (>18 mUl/ml). Therefore, we indicated these groups 'with poor prognosis of pregnancy'. The patients were allocated to the treatment groups randomly. Laser-assisted hatching was applied only on embryos of patients who gave their informed consent. Very few patients refused and were excluded from this study. No significant differences between the groups were noted in the distribution of infertility diagnoses, in the stimulation regimen, or in the luteal phase support
Statistical analysis
The x 2 test was used to analyse data.
Results
The resulting clinical pregnancies achieved were 39 (36.4%), 32 (44.4%) and 19 (19.3%) in groups A, B and C respectively. The implantation rates were 9.3% in group A, 16% in group B and 5.1% in group C. The miscarriage rate was almost the same in all groups (10.2, 8.3 and 8.1% respectively). Up to this date 17 normal babies have been born (10 in group A and seven in group B) and the karyotypes executed did not reveal any abnormalities. These data indicate that laser zona drilling was beneficial in all the treated patients as implantation and pregnancy rates were increased over the control group. The slight increase in the patients receiving mixed embryos (group A; P < 0.02 and P < 0.01) becomes much more significant in the patients receiving only treated embryos (group B; P < 0.05). Table II shows these results.
Discussion
The potential role of zona pellucida breaching to assist the natural hatching process was suggested when it was noted that the implantation rate (per embryo) was relatively high for 2490 embryos resulting from micromanipulation-assisted fertilization. Randomized studies have demonstrated the usefulness of assisted hatching in patients with elevated FSH concentrations, in which zona hardening is more frequent, in those embryos with thick zonae (implantation rate of drilled embryos 25% versus 18% in intact embryos) and in all embryos from patients aged >39 years (implantation rate in drilled embryos 16 versus 3% for intact embryos) (Cohen et al, 1992a) . Schoolcraft et al. (1994) reported that, in patients with poor prognosis for pregnancy (age >39 years, multiple prior IVF cycle failures, elevated day 3 FSH), performing assisted hatching with acid Tyrode's solution achieved better embryo implantation and pregnancy rates: 33 versus 6.5%
Moreover, Stein et al. (1995) , comparing assisted hatching performed with partial zona dissection on four to six cell stage embryos with a control group, showed that, although clinical pregnancy rates were similar, when the results were analysed in relation to the patients' age, assisted hatching was found to enhance pregnancy rate in women >38 years (23.9 versus 7.0%).
However, certain authors have suggested that complete perforation of the zona may have adverse effects on subsequent embryonic development (Gordon et al., 1988; Cohen et al., 1990) . Natural expansion of the blastocyst with thinning of the zona pellucida does not occur (Malter and Cohen, 1989b) and the zona remains relatively thick compared with normally developing embryos with intact zonae. This feature explains the higher failure rate of pregnancy following zona drilling (Garrisi et al., 1990; Payne et al, 1991) . Furthermore, the presence of a hole in the zona pellucida may cause loss of blastomeres or loss of the whole embryo during contractions of the female reproductive tract (Nichols and Gardner, 1989) .
The mechanism by which assisted hatching enhances implantation is still unknown. Different hypotheses have been considered to explain the impaired process in older women abnormal zona thickness due to advanced maternal age or to elevated FSH concentrations (Cohen et al, 1992a) , zona hardening resulting from suboptimal culture conditions (Dokras et al., 1991) , insufficient lysin production required for hatching (Gordon and Dapunt, 1993a,b) , and earlier closing of the implantation window in stimulated patients (Schoolcraft et al, 1994) . In all these cases assisted hatching could play a key role: overcoming a mechanical barrier, decreasing the amount of lysin required by the embryo to complete the process and allowing earlier hatching (Malter and Cohen, 1989b) and implantation (Liu et al, 1993) .
Until a few years ago only two methods were available to create a hole in the zona pellucida: mechanical partial zona dissection and chemical zona drilling by the use of acidic solutions. The main drawbacks of mechanical zona breaching are its relative technical complexity, the inability to produce standardized uniform holes and the possibility of embryo damage. The use of acidic Tyrode's solution has not proven to be reliable in this context, as it was suggested that its use is detrimental to the human oocyte and possibly the preimplantation embryo, especially to blastomeres adjacent to the the opened area (Malter and Cohen, 1989a) . The introduction of laser in the micromanipulation techniques with its localized submicrometre size ablative properties may be less invasive and could replace successfully the use of acidic Tyrode's solution to create openings in the zona pellucida for assisted hatching.
To drill holes in the zona pellucida, different lasers in a 'contact' mode have been used by several authors: the argon fluoride (Ag Fl) at 193 nm (Palanker et al, 1991; Laufer et al., 1993) , the Nd:YAG at 1064 nm (Coddington et al, 1992 ) and the Er:YAG at 2940 nm (Feichtinger et al, 1992; Strohmer and Feichtinger, 1992; Antinori et al, 1994) . All these laser systems require delivery assistance (glass pipette, optical fibre). The procedure needs a certain level of technical expertise and warrants the manufacturing and restenlization of pipettes and fibres.
A different approach using laser systems, operating in a 'non-touch' mode has been proposed by other authors: the xenon chloride excimer laser at 308 nm (Neev et al., 1992) , the krypton fluoride laser at 248 nm (Blanchet et al, 1992) , the PALM UV laser at 337 nm (Shutze et al, 1994) and the diode laser at 1.48 (im (Germond et al, 1995) . Operating in the 'non-contact' mode, there is no need for holding and cutting tools (micropipettes or optical fibre). Control of the laser effect in the zona pellucida (shape and orientation) can be achieved instantly by simple adjustment of laser parameters (e.g. energy per pulse, pulse repetition rate) (Neev et al., 1992) or by moving the precision microscope stage with respect to the cutting beam. Such control with a contact fibre-pipette system is more cumbersome and might be difficult to apply through culture medium or oil. Non-contact laser systems working tangentially to the cells require no contact at all and there is minimal exposure of any vital structure to the laser beam The simplicity of the procedure does not require skilled laboratory technicians or a great deal of training. When choosing a laser system, different criteria should be considered: (i) heat deposition, (ii) water and DNA absorption, (iii) spot size smaller than the thickness of the zona pellucida and (iv) precision of the unit • At 337 nm wavelength water absorption is greatly reduced and the 'free' laser beam can be delivered directly to the zona through the microscope optics. On the other hand, 'free' laser beam highly absorbed by water will not cause any effect on oocytes or embryos shielded by fluid medium (Tadir et al, 1993) . The absorption spectrum of DNA being at its minimum around 300 nm (Tadir et al, 1993) , DNA damage is highly unlikely. However, some experimental investigators have shown a higher incidence of chromosomal abnormalities after irradiation with a 308 nm excimer laser, although these were minor aberrations (Virsick-Peuckert et al, 1992; Laufer et al, 1993) . The issue of the possible toxic effect of ablation byproducts has been investigated by Blanchet et al (1992) , who demonstrated that they were responsible for the inhibition of embryo development.
As preliminary experimental data indicated that the procedure was not harmful for human embryos, we began the clinical work in January 1995. In our study we performed zona opening-assisted hatching on day 2 embryos of patients with a poor prognosis of pregnancy (previous IVF failures; mean age: 5=38 ± 1.32), using a new laser system which operates in a 'non-contact' mode. To evaluate the efficacy of this new laser system, two different groups of patients were established: the first group received mixed embryos (treated and not) while the second had the transfer of only treated embryos. Comparing our study groups, we noted an increase m the pregnancy and in the implantation rates, which was small between groups A and C, but more pronounced between groups B and C. The increase in the pregnancy rate and implantation rate from group C to group B (19.3 to 44.4%, 5.1 to 16%) indicates that the laser treatment is highly effective in increasing implantation, especially in those women with poor prognosis of pregnancy. Moreover, the abortion rate, being not significantly different in the treated groups from controls, strongly suggests that the energy level used in this laser treatment is reliable for such micromanipulation. The fear of irreversible damage to the embryos after the use of laser nucrobeams in assisted reproduction techniques does not seem to be confirmed, as many experimental reports of work on animal oocytes or embryos have not shown any deleterious effect of the UV laser microbeam (Clement-Sengewald et al, 1993; Ng et al, 1993; Liow et al, 1994) .
As far as we know, this is the first report of the use of a 'non-contact' UV laser for assisted hatching of human embryos. Two important conclusions can be drawn from our results: first, it seems that the use of this new 'non-contact' laser to assist hatching of 48 h human embryos can be considered 'safe' as babies are born and no abnormalities (normal karyotypes) have been reported until now; second, the treatment has proved to be efficient in those patients with poor prognosis of pregnancy, as it significantly increased the implantation and pregnancy rates.
These results would suggest that zona opening of human embryos at 48 h with the use of a 'non-contact' laser is more advantageous than assisted hatching with partial zona drilling or chemical zona drilling because it is possible to obtain holes of standardized dimensions avoiding both the escape of blastomeres and embryo trapping. Moreover, the possibility of embryo damage which arises when performing assisted hatching with partial zona drilling or chemical zona drilling is greatly reduced with the use of this type of laser because of its easy handling and its high precision. However, further investigations are necessary to confirm the success obtained in our study. It is nevertheless likely that the use of this new laser system will be highly important in future basic and clinical research.
